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SUlWJRY 


An investigation has "been niade in the Langley free-flight 
tunnel to obtain an experimental verification of the theoretical 
rudder-free dynamic stability characteristics of an airplane npdel 
equipped with a rudder having positive floating tendencies and 
various amounts of friction in the rudder systera* The model 
was tested mounted on a yaw stand that allowed freedom only, in 
yaw, and a few tests were made in free fligljt. Tests were made 
with varying amounts of nidder aerodynamic balance. Most of the 
stability derivatives required for the theoretical calcvuLations 
were determined from force and free-osclllation tests of the 
model. The investigation was limited to the low relative -density 
range . 

The results of the testa axid calculations indicated that, 
with negligible friction in the iridder control system, the 
general rudder-free stability theory adequately predicts the 
period and qualitatively predicts the damping of the rudder-free 
oscillations for the normal range of airplaiie find rudder parameters . 
If the general theory is simplified by ne^ecting rolling, lateral 
displacement of the center of gravity, and mdder moment of inertia, 
the theory still adequately predicts the period and quantitatively 
predicts lower values of the damping of the rudder-free lateral 
oscillation. The investigation slaowod that, with friction in the 
rudder system, a constant-amplitude oscillation exists for a range 
of combinations of positive floating-moment and negative restoring- 
moment parameters . A simplified theory approximating solid friction 
by an equivalent viscous friction predicts the characteristics of 
the rudder-free laterf^il stability for v;iluos of friction hinge-moment 
coefficient in the rudder system encountered w?.th present-day 
airplanes . 
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UTIROIWCTION 


Eynomic insta'bility in the rudder-free condition has "been 
experienced hy some airplanes. Other airplanes have perfomed 
a rudder-free oscillation called "snaking," in which the airplane 
yaw and rudder motions are so coupled as to maintain a constant - 
amplitude yawing- oscillation. These phen^ena have "been the 
subject of various 'bheoretical investigations, and the factors 
affecting the rudder-free stability have been explored and 
defined in the theoretical analyses of references 1 to 3- 

In order to obtain an experimental check of tlie various rudder- 
free theories, a series of tests has been conducted with a 

—-scale airplane model in gliding flight in the Langley free- 
7 

flight tunnel. The first part of this investigation dealt with 
the experimental results of tests made to determine uhe rudder- 
free dynsiDic stability characteristics of an airpl^e model 
equipped with rudders having negative floating tendencies and 
negligible friction. (See reference 3.) The results of the 
second part of this inves-bigation, presented herein, deal with 
the rudder-free dj'namic stability ox the model equipped wit ^ 
a rudder having positive floating tendencies, negative restoring 
tendencies, and varying amovuats of friction in the rudder system. 

For convenience an all -movable vertical tail was -used to obtain 
positive floating tendencies, but the results ^e applicable to 
any rudder having tho range of parameters considered. 

The model was tested both in free flight ^d mounted on a 
yaw stand that allowed freedom only in yaw in order to detemnine 
experimentally the differences caused by neglect of the rolling 
and lateral motions of an airplane ivith rudder free. 

In order that the results obtained by 'theory and experiment 
might be correlated for tho conditions without friction in tho 
rudder system, calculations were made by equations involving, 
fo^u* degrees of freedom and by equations involving fewer degrees 
of freedom and neglecting various airplane and rudder parameters. 

(See reference 3.) For conditions with friction in the rudder 
system, calculations were made by a simplified theo^ approximatii^ 
solid friction by en equivalent viscous friction. (See reference 2.) 
Various force, hinge -mcment, and free-osclllation tests were ^de 
in order to determine some of the stability derlvaoives for 0 
rudder^fi*©© stability calculations# 


SXt>IBOLS 


weight of model, pounds 

free-stroiua airspeed, feet per second 

wing area, square feet 

wing span, feet 

wing chord, feet 

vertical -tail (rudder) area, square feet 
span of vertical tail (inxdder) , feet 
laass of model, slugs 
mass of vertical tail (rudder) , slugs 

radius of gyration of model about longitudinal (X) axis, feet 

radius of gyration of model about vertical (Z) axis, feet 

radius of gyration of vertical tail (rudder) about hinge 
eixis, feet 

distance from center of gravity of vertical-tail (rudder) 
system to hinge axis, feetj positive when center 
of gravity is back of hinge 

moment of inertia of vertical tail (rudder) about hinge 
line, slugs per square foot 

distance from model center of gravity to vertical tail 
(rudder) hinge line, feet 

period of oscilla-tions, seconds 

time required for motions to decrease to one-half amplitude, 
seconds 

time, seconds 


dynamic pressure, pounds 

mass density of air, slugs per cubic foot 

model relative -density factor (m/pSb) 
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Cy 

P 

£ 

Cl 

Cy 

cz 

Cn 

Ch 

Ch. 




P 

r 

Cz> 


vertical -tail (rudder) relative -density factor 
{"^rj pT>vCv^) 

root-raean-sq.uare chord of vertical tail (rudder) , feet 

angle of sideslip^ radians unless otherwise stated 

angle of j'^avr, radians unless otherwise stated 

rudder angitLai- deflection^ radians unless otherwise 
stated ^ 

lift coefficient ( — J 

V IS ) 

lateral-force coefficient / 

\ l3 

rolling-rioBient coefficient ( 

\ qS'b / 




yawing-moment coefficient momentj 

hinge-moment coefficient / 

\ / ;• 

friction-hinge -moment coefficient 

ahvCr^ / 

rate of change of lateral-force coefficient vith angle 
of sideslip (SCy/Sp) 

rate of change of rolling-moment coefficient with angle 
of sideslip (BC'j/Sp) 

rolling arxgular velocity, radians per second 

yawing angular velocity, radians per second 

rate of change of rolling-moment coefficient with rolling 
angular-velocity factor ( ^ 

rate of change of rolling-moment coefficient with yawing 
angular -velocity factor 
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rate of change of yawing-moment coefficient with angle 
of sideslip (^Cr^/Sp) 

rate of change of yawing-moment coefficient with rudder 
angular deflection (dCj^^d) 

rate of change of yawing-moment coefficient with rolling 
angular-velocity factor 

rate of change of yawing-moment coefficient with yawing 
.angular-velocity factor 

rate of change of rudder hinge -moment coefficient with 
angle of yaw (3C*^/^'J/) ; floating-moment p-arameter 


rate of change of rudder hinge -moment coeffirO-ient with 


yawing angular-velocity factor 



rate of change of rudder hinge-moment coefficient with 
rudder angixlar deflection reatoring-mment 

pai’ameter 


rate of change of rudder hinge-moment coefficient with 


rudder angular-velocity factor 


amplitude of yaw oscillation, degrees 

amplitude of nrdder oscillation, degrees 

Eouth’s discriminant j houndary for zero damping of 
the lateraJ. oscillation 


APPAEATUS 


The tests were made in the Langley free-flight tunnel, a. 
complete description of which is given in reference 4. The 

model used in the tests was a modified i-ocal© model of a 
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Fairchild XI^9C-1 airpl;=ine. Figure 1 is a three -view drawing 
of the model. Tne mass, dimensional, and aerod^Tiamic character- 
istics of the model are presented in table I. 

The vertical tall (in this case, the rudder) of the model was 
a straight -taper all -movable surface with an adjustable hinge line. 
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Variation of the I’udder hinge line elloved for adjustment of the 
riidder floating-moment parameter C>;^, end the rudder restoring- 

mcment ■parameter *^h 5 * adcU,tion was adjusted hy a special 


spring attachment. Figure 2 is a sketch shoving this specif 
spring attacMent, the rxidder -freeing system, and the friction 
sys-bom. fhe magnitude of the friction moment in the rudder system 
vas determined hy a torq,us meter ■whoch I’egistered tj.ce toraue 
required to maintain a steady rotation of the rudder post and 


pullej’’ • 


A photograph of the model installed on the yaw stand used 
in the tests is sho'vna as •figin’e 3* The stand -t^ae 'xixed bo the 
tunnel floor and allowed the model complete freedom in yaw hut 
restrained it from rolling and sidewxne displacement. 


TEST'S 


Tests were made . to determine the pei’iod and damping of the 
rudder -free later-al oscillation of the model tn free fliglit and 
mounted on the yaw stand. 

Free-fligiit tests of the model veve made for the conditions 
for which data are presenbed under the "Fliglit" columns of 
tables II and III. These tests were made hy flj’'ing the model in^ 
the tunnel and hy photographing the rudder-free lateral oscillations 
as descrihed in reference 3 . The flignt-tes'c program ■was not 
mox'e extensive because of the diffic^ul^oy of obtaining film lecordo 
of sufficient length during the -one ontr oiled pai't of the flighu 
to determine accurabely the period and damping of ■che lateral 
oscillation. 

The yaw-stand tests of the model were made as descrihed in 
reference 3, for conditions for which data are presented under 
the "Stand" columns of tables II and III. These tests were 
made iinder conditions reproducing those considered in the 
analytical treatment of. refex-ence 2. 

The stability derivatives used in the calculations were 
obtai.ned by the methods described in reference 3. 
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SCOPE AWE METHOES OF CALCULATIOWS 


By use of the coefficients given in table calculations were 
made of the damping and period of the rudder-free lateral oscillations 
of the model without friction in the rudder system for the range of 
rudder parameters indicated in table II. These calculations were made 
by equations that provided four degrees of freedom as \rell as the 
fewer degrees of fi’eedom which resulted from the neglect of rolling 
or from the neglect of rolling and sidewise displacement of the center 
of gravity as described. 

Calculations were also made of the period and amplitudes of the 
rudder-free lateral oscillation of the model and of the rudder with 
friction in the rudder system for the range of rudder parameters 
indicated in table III. These calculations were made by a simplified 
theory approximating solid friction by an equivalent viscous friction 
proposed in reference 2. 


RESULTS AWE DISCUSSION 


The results of the tests and calculations of the airplane and 
rudder motions are presented in tables II and III. Table II gives 
the period and reciprocal of the time to damp to one-half amplitude 
for the conditions investigated vrithout friction; table III, gives 
the period and amplitudes of the airplane and rudder motions for the 
conditions investigated with friction. 

The reciprocal of the time to damp to one-half amplitude was used 
to evaluate the damping because this value is a direct rather than an 
inverse measure of the degree of stability. Correlations of the 
calculated and experimental results are presented in figures 4 to 8. 


Rudder -Free Stability mthout Friction 

Calculations and tests .- The stability calculations made by use 
of the general theory indicate that the motions of an airplane with 
rudder free consist of two aperiodic modes and two oscillatory modes. 

In each tvpe of mode^ one mode has a period two to six times the other • 
T'/hen rolling is neglected^ or rolling and sideslip are neglected^ the 
equations of motion predict only the oscillatory modes. If rolling^ 
lateral motion of the center of gravity^ and rudder moment of inertia 
are neglected^ only one oscillatory mode is predicted. This mode 
corresponds to the long-period mode predicted by the general theory. 

The yaw-stand and free-flight test results (table II and figs. 9 
and 10) indicate that this long-period mode is the predominant yawing 
motion of the airplane. 
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All the theories reasonahljr predict the periods and values of 
floating-moment and restoring-moment parameters for zero damping 
of the rudder-free lateral oscillation. Values of the damping of 
the motion predicted hy the various theories, however, are not 
in agreement. (See table II and fig. 4.) Neglect of the teims 
involving lateral motion of the center of gravit;^ results in an 
appreciable reduction in the predicted value of the damping of 
the rudder-free lateral oscillation. 

Con -elation o f c alcv lated and experi mental data. - Good quali- 
tative agreement in prediction of the E = 0 boundary by theory and 
bs[ bests is shown in figure which presents a representative 
calculated E’= 0 boundary and the range of conditions covered 
herein. The yawing and rudder oscillations of the airplane as 
obtained from yaw-stand tests for tests 6, 7, 9, and 11 (see table II) 
are presented in figure 10( a). 

The data of figure 4 sho\ir that tho period of the airplane 
yawing motion obtained in the tests is reasonably predicted by 
any of the theories considered but that the damping of the 
motion obtained from the tests is in only fair qiialitative 
agreement vrith the theories. The damping obtained in the yaw-stand 
tests agrees more closely with the theory neglecting lateral 
displacement of the center of gravity and rolling than with the 
more complete theories. This result is to be expected because 
the yaw-stand tests simulate the restrictions of the theories 
neglecting rolling and sideslip, and neglecting rolling, sideslip, 
and rudder moment of inertia. It would also be expected that the 
flight -test results vrould be predicted best by the general theory. 
Flight tests, however, wei-e not extensive enough to indicate which 
theory would predict the rudder-free lateral stability character- 
istics in free flight. 

From these data it appears that the theory neglecting rolling, 
lateral displacement of the center of gravity, and rudder moment 
of inertia gives lower values of damping of the rudder-free lateral 
oscillation than the general theory but can be used to predict, 
at least qualitatively, the chai-acteristics of the rudder-free 
motion of the airplane. 


Rudder-Free Stability with Fi-iction 

Calcul.ations . - The resvilts of calciuLations shovring the effect 
of friction in the rudder system are presented in table III. 

These data indicate that for some combinations of re storing -moment 
and floating-moment ' parameters a constant -amplitude yawing 
oscillation will resiILt. This oscillation consists of a yawing 
motion of the airplane accompanied by a rudder oscillation. 
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The amplitudes of these oscillations are proportional to the 
amount of friction in the system hut the pox’iod is independent of 
friction. Figure 8 shows the comhinations of and Cu 

* ij/ ^ 

which result in this friction phenomenon. 

Test s. - The results of the yaw"Stand and flight tests 
presented in table III and in figures 9 and 10 show that with 
friction in the ruddox’ system there is a constant --amplitude 
oscillation for a range of restoring-moment itnd floating-moment 
parameters for which, with negligible fx-iction, there is a 
damped oscillation. 

Coi-x-elation of calculated and excnex-imental data . - In figures 6 
to 8 the results of the tests and calculations made to evaluate 
the effect of friction on the ruddei’-free lateral stability chax'’acter- 
istics ax-e compared. ■ The data of figur-e 6 show good (luolitatlve 
agreement of the damping results obtained by tests and by calculations 
and Indicate that the theory of reference 2 c£in be used to px-edict, • 
the region of constant-amplitude motion x-esulting fx-om friction in ’ 
the imdder system. Figures 7 and 8 show that quantitatively the 
theox-y of refex-ence 2 px-edicts the pexlod of the constant -amplitude 
oscillation thx’ough the range of variables considered but that 
the amplitude of the , i-uddex- and aix'-plaxxe motions are reasonably 
pi'-edicted only up to values of friction-moment coefficient of : 
about 0 . 019 . This value of fx'-ict ion-moment coefficient is well 
above the average friction -moment coefficient of present -^day 
airplanes, according to a Bj’itish suramax’y of actu.al friction hinge 
moments of service alrplenen. This summaiy showed a mT.nimum 
fx-iction moment of 1-7 foot-pounds ajxd a maximum of 10-5 foot-pounds. 
The average fx-iction moment wa.e ’I-.4 foot-pounds, which corx-esponded 
to a value of of 0.010. 

The data of figure 8 show that the theox-etical variation 
of the conplitudes of the aii-plane yawing motion and ruddex' motion 
with friction is a straight line. The test results, however, 
indicate that the eanplitudes ax-e not a linear function of fx-’iction 
bxit that the rate of increase of auiplitude with friction becomes 
smaller with increasing friction- 


COWCLUSIONG 


The foUowinfi conclusions are based on the resixlts of an 
investigation conducted in the Langley free-flight tunnel to 
determine the rudder-free dynamic stability charactex’istics 
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of an airplane model having a rudder with positive floating 
tendencies : 

1. For the case of negligible friction in the rudder control 
system, it appears that the general rridder-free stability theory 
adequately predicts the period and qualitatively predicts the 
damping of the rudder-free oscillations for the normal range of 
aiJrplane and rudder parameters. If the general theory is simplified 
by neglecting rolling, lateral displacement of the center of gravity, 
and rudder moment of inertia, the theory still adequately predicts 
the period and quantitatively predicts lower values of damping of 
the rudder-free lateral oscillation. 

2. The investigation showed that, with friction in the rudder 
system, a constant-amplitude oscillation exists for a range of 
combinations of positive floating-moment and negative restoring- 
moment parameters . A simplified theory approximating solid friction 
by an equivalent viscous friction predicts the characteristics of 
the rudder-free lateral stability for values of friction hinge- 
moment coefficient in the rudder system encountered with present- 
day airplanes . 


Langley Memorial Aeronauticsil Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va., June l4, 19^6 
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TiiBLE I 

MftSS, PDCTSIOWAL, AWT) AEEOICTAl.DCC 
CIIAFv/^CTEEXSTICS OY MOISEL NESTED 

.2 


W . 

kz 

S , 

I 


1. 


3.9^- 

1.08 

3.--T 


^-.75 


0.785 

1.85 

0.273 

0.667 

0 . 4l6 

1.53 


0.027 

■b ,/ 


1 . . . 

M/ 


• 


*^^3 * • ’ • 

. . . . 0.0841 

tzp . . . . 


• • • • 

. . . . -0.43 




. . . . 

. . . . -0.49 


•'n- 


•P 


3.125 Cl 


-0.0173 

0.165 


1-5 


12.65 -0.106 


n 

Cl. i 

y : 

! 



-0.038 

-.083 

- 1")4 

1 

1 

[ 0.079 

0.061 

-0.079 

0.000599 

-.220 . 
-.011 
-.024 i 
-.072 ! 

1 

J 

i 

• 156 

! 

i 

.124 

1 

-.069 

.000497 

-.081 

-.120 

-.147 

-.228 

-.007 

-.073 

y 

J 

.236 

! 

u . 

.184 

-.062 

.000443 

-.154 

-.243 
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TABLE II.- COMPARISON OF rERIOB AND DAMPING FROM FRIS -FLIGHT AND YAVJ -STAND TESTS AND FROM CALCULATIONS 


[^Negllgi'ble friction in rudder system] 


Long-period oscillation 




Te 

sts 

Calculations 

Test 

Test conditions 











Rolling, 

sideslip. 




Flight 

Yaw 

stand 

General theory 

RoUlng neglected 

Rolling and side- 

and rudder moment 












slip neglected 

of inertia 














neglected 



^6 

P 

i/r 

P 

i/t 

P 

i/t 

P 

l/r 

P 

l/T 

P 

l/T 

1 



^ -0.038 

— 

— 

(a) 

(a) 

1.01 

-0.34 

1.04 

- 0.35 

1.05 

-0.626 

1.09 

- 0.022 

2 

> 0.0795 


-.083 

— 

— 

1.56 

0.39 

1.14 

1.14 

1.19 

1.13 

1.20 

.771 

1.26 

.806 

3 

1 


-.154 

— 

— 

1.63 

.58 

1.30 

1.38 

1.36 

1.37 

1.39 

.993 

1.39 

.972 

h 

J 

I 

1 

1 -.220 

— 

— 

1.70 

.62 

1.36 

1.39 

1.43 

1.37 

1.44 

.993 

1.46 

.983 

5 



' -.011 

--- 

— 

(a) 

(a) 

.859 

-3.32 

.868 

-3.37 

.759 

-3.19 

.818 

- 2.12 

6 



-.024 

( 

( S’) 

( a) 

( a) 

85 








T 



-.072 

1.3 

0.34 

1,10 

.16 

-91 

J . 

1.00 







8 

^ .156 


-.081 



1.18 

.267 

.949 

1.07 

.973 

1.08 

.986 

.723 

1.04 

.825 

9 



-.120 

— 

— 

1.18 

.318 

1.08 

1.39 
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-.147 

— 

— 

1.25 

.582 

1.14 

1.49 

1.18 

1.49 

1.19 

1.11 

1.21 

1.08 • 

n 



-.175 



_ 

l.'^O 

. 4'^5 

1.20 

1.48 
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^ -.228 

--- 

— 

1.37 

.653 

1.25 

1.49 

1.30 

1.48 

1.31 

1.10 

1.32 

1.08 

13 

1 


r -.007 

--- 

— 

(a) 

(a) 

.755 

-4.60 

.762 

- 4.65 

.766 

-4.92 

.694 

- 3.46 

14 

> -236 

< 

1 -.073 

— 

— 

1.06 

.219 

.794 

.793 

.809 

.814 

.822 

.472 

.880 

.775 

15 



1 -.154 

— 

— 

1.12 

.833 

1.04 

1.65 

1.08 

1.64 

1.09 

1.26 

1.11 

1.22 

l 6 

J 


1 -.243 


— 

1.18 

.970 

1.18 

1.59 

1.22 

1.58 

1.23 

1.20 

1.24 

1.18 





Short-period oscillation 




2 


J 

r -0.083 


— 

— 


0.453 

lit.Ul 

0.453 

14.40 

0.453 

14.39 





3 

^ 0.0795 


-.154 

— 

— 

— 

— 

.292 


.292 

14 . 16 * 

.292 

14.17 





4 

J 


1 -.220 

--- 

— 

— 

----- 

.235 

14.16 

.235 

14.16 

.235 

14.17 





8 

1 


r -.081 

--- 

— 

— 


.419 

15.14 

.420 

15.17 

.419 

15.15 





10 

> .156 

■< 

-.147 

— 

— 

— 

— 

.272 

14.74 

.273 

14.76 

.273 

14.76 





12 

J 


-.228 


— 

— 


.209 

14.75 

.209 

14.77 

.209 

14.77 





14 

\ o,. 


r -.073 

— 

— 

— 


.434 

15.78 

.433 

15.71 

.433 

15.68 





15 

> .236 


-.154 

— 

— 

— 

— 

.249 

14.90 

.249 

14.86 

.249 

14.90 




l 6 

J 


L -*243 



- 


.190 

14.96 

.190 

14.94 

.190 

14.95 

— 



Unstable oscillation. 
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TABLE ni.- CQMPARISOll OF PERIOD AHD DAMPIMG FEOI EREE-FLI(®r 
AND lAff-STAND TESTS AND FROM aLCUUTIONS 


(Friction In rudder syetam^ 


Test 

Conditions 

Tests 

Calculations 





Yav stand 




% 


Chf 

P 

♦ 

P 

T 


P 

♦ 

6 

0 . 0 T 91 

-0.038 

0.0041 

— 

--- 

1.65 

10.5 

4 

1.26 

81.6 

6.07 



.0041 

_ _ _ 

_ ^ _ 

1.5 

6 

4.5 

1 

’12.3 

20.1 



.0082 

— 

— 

1.5 

6.7 

3.5 

>1.27 

24.6 

40.2 

.099 

-.065 ^ 

.0123 


--- 

1.55 

10 

4.5 

36.9 

60.3 



[.0164 

— 

— 

1.45 

10 

6 

J 

49.2 

80.4 

.156 

-. 021 ). 

.0041 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

(a) 

.156 

-.072 

.0041 

1.2 

3.7 

1.3 

6 

8 

1.11 

5.86 

10.5 



[.0041 


__ _ 

1.35 

8 

5 

1 

f 4.88 

7.87 

.156 

-.081 

13082 

— 

— 

1.45 

6.2 

5 

[1.27 

< 9.76 

15.74 


[.0123 

— 

— 

1.65 

7 
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